Facioscapulohumeral muscular dystrophy, known in genetic forms FSHD1 and FSHD2, is associated with D4Z4 repeat array chromatin relaxation and somatic derepression of DUX4 located in D4Z4. A complete copy of DUX4 is present on 4qA chromosomes, but not on the D4Z4-like repeats of chromosomes 4qB or 10. Normally, the D4Z4 repeat varies between 8 and 100 units, while in FSHD1 it is only 1-10 units. In the rare genetic form FSHD2, a combination of a 4qA allele with a D4Z4 repeat size of 8-20 units and heterozygous pathogenic variants in the chromatin modifier SMCHD1 causes DUX4 derepression and disease. In this study, we identified 11/79 (14%) FSHD2 patients with unusually large 4qA alleles of 21-70 D4Z4 units. By a combination of Southern blotting and molecular combing, we show that 8/11 (73%) of these unusually large 4qA alleles represent duplication alleles in which the long D4Z4 repeat arrays are followed by a small FSHD-sized D4Z4 repeat array duplication. We also show that these duplication alleles are associated with DUX4 expression. This duplication allele frequency is significantly higher than in controls (2.9%), FSHD1 patients (1.4%) and in FSHD2 patients with typical 4qA alleles of 8-20 D4Z4 units (1.5%). Segregation analysis shows that, similar to typical 8-20 units FSHD2 alleles, duplication alleles only cause FSHD in combination with a pathogenic variant in SMCHD1. We conclude that cis duplications of D4Z4 repeats explain DUX4 expression and disease presentation in FSHD2 families with unusual long D4Z4 repeats on 4qA chromosomes.
Introduction
Facioscapulohumeral dystrophy (FSHD; OMIM 158900 and 158901) is a common inherited myopathy recently estimated to affect 1: 15 000-1: 8 500 individuals (1, 2) . Two clinically almost identical forms of the disease have been described, FSHD1 and FSHD2, which are both associated with somatic partial chromatin relaxation of the D4Z4 repeat array on chromosome 4 and derepression of the DUX4 retrogene (3) (4) (5) (6) (7) (8) . A copy of DUX4 is embedded in each D4Z4 unit. DUX4 encodes a transcription factor that activates cleavage stage embryonic transcriptional programs in mice and humans (9) (10) (11) DUX4 is also expressed in the luminal cells of the testis (12) . It is believed to be normally silenced in somatic tissues and its inappropriate presence in skeletal muscle eventually causes muscle cell death (12, 13) . D4Z4 chromatin relaxation leads to stable DUX4 protein expression in a small number of myonuclei from the most distal copy of the D4Z4 repeat array and the region immediately distal to this copy where a 3 0 UTR region with a DUX4 polyadenylation signal (DUX4-PAS) can be found (6, 14) . Due to ancient duplication events, highly homologous and equally polymorphic D4Z4 arrays can be found in the subtelomeres of chromosomes 4qA, 4qB and 10q (15) (16) (17) . The homologous region between these 3 chromosomes starts immediately distal to a single inverted D4Z4 unit 40 kb proximal to the D4Z4 array on chromosomes 4qA and 4qB (18) (Fig. 2A) . The DUX4-PAS is located immediately distal to the D4Z4 repeat array on 4qA chromosomes, but not on 4qB and 10q chromosomes (6) . The nearly unique linkage of the DUX4-PAS to 4qA explains the almost exclusive linkage of FSHD to 4qA chromosomes (19) . The D4Z4 repeat array is polymorphic in size ranging between 8 and 100 units on chromosome 4 in the population (20, 21) . The most common form of this disease, FSHD type 1 (FSHD1), is caused by contractions of the D4Z4 repeat array on chromosome 4qA to a size of 1-10 units (19, 22 ). In the rare FSHD type 2 (FSHD2), D4Z4 repeat arrays on 4qA chromosomes are typically of intermediate size (8-20 units) and derepression of the D4Z4 repeat array is most often caused by mutations in chromatin modifiers that are necessary to establish and/or maintain a repressive D4Z4 chromatin structure in somatic cells (7, 23) . FSHD2 is heterogenic with the majority of patients having a heterozygous pathogenic variant in the structural maintenance of chromosomes flexible hinge domain containing 1 (SMCHD1) gene in combination with the presence of an intermediate sized D4Z4 repeat array on 4qA chromosome (7) .
In a small proportion of FSHD2 families the presence of such repeat array is combined with heterozygous pathogenic variants in the DNA methyl transferase 3 Beta (DNMT3B) gene, with some patients still remaining genetically unresolved (23). Thus, both forms of the disease molecularly converge at D4Z4 chromatin relaxation in somatic tissue and DUX4 derepression in skeletal muscle. Hence, FSHD1 and FSHD2 are clinically largely identical being characterized by progressive and irreversible weakness of the facial-, shoulder girdle-and upper arm muscles (24) . With disease progression also other muscles may become affected and studies suggest that FSHD2 has generally a milder disease progression than FSHD1. In both forms of the disease extramuscular tissues are rarely involved but the disease, especially in early-onset FSHD1 cases, may present with retinovasculopathy, hearing loss and intellectual disability in severe cases, although these extramuscular features have yet to be described in FSHD2 patients (2, 24, 25) .
In the European control population the mean length of the D4Z4 repeat array on a permissive 4qA chromosomes is 38 units. The D4Z4 repeat array size of the shortest permissive 4qA allele (hereafter called SPA) in FSHD2 patients typically varies between 8 and 20 units, with a mean size of 12 units (26) . The repeat size range from 8 to 10 units is particularly interesting as it overlaps between the FSHD1 population and the control population (20, 21) . Although originally the minimal size for FSHD2 was defined as 11 units and FSHD1 as 1-10 units, these cut-offs are likely not so rigorous with recent evidence suggesting that FSHD1 and FSHD2 form a continuum (27) . Hence, D4Z4 repeat array sizes between 8 and 10 units are overlapping between control individuals and patients with FSHD1 or FSHD2. This suggests that in this size range the predisposition to DUX4 expression in skeletal muscle and disease presentation depends on genetic (the D4Z4 repeat array size), epigenetic (the ability to repress DUX4) and most likely also environmental factors. In this context, we proposed that heterozygous pathogenic variants in SMCHD1 or DNMT3B can only effectively derepress DUX4 in skeletal muscle when combined with a small, but normal-sized D4Z4 repeat array of 8-20 units on chromosome 4qA.
Recently, we performed a detailed genetic and clinical study on 79 different FSHD2 families (28) . In this study, the majority of the patients have a pathogenic SMCHD1 variant combined with a SPA of 8-20 units. We also identified several mildly, or unaffected family members that carried the SMCHD1 variant in combination with a SPA >20 units or with only non-permissive (4qB) alleles. However, we identified a small number of FSHD2 patients with a moderate to severe phenotype while having a > 20 units SPA, which prompted us to investigate these patients in greater detail. With the recently reported duplications of D4Z4 in controls and FSHD patients (29) we studied the contribution of D4Z4 duplications in FSHD2 families.
Results
Genetic analysis of FSHD2 patients with an exceptional long SPA From our earlier study (28) , we could perform more detailed genetic analysis in 74 FSHD2 families. From these families we included all FSHD2 patients with a unique SPA, i.e. not only single cases from each family but sometimes also affected relatives if having a unique SPA. If we identified multiple family members with an identical SPA, we selected the oldest patient, totalling 79 FSHD2 patients. We identified 68 FSHD2 patients with a SPA of 8-20 units and 11 FSHD2 patients from different families with >20 units SPA (Fig. 1A and Supplementary Material, Table S1 ). As FSHD2 disease presentation seems dependent on the D4Z4 repeat array size in the permissive allele and the level of D4Z4 methylation, we anticipated that D4Z4 CpG methylation would be extremely low in patients with a > 20 units SPA. The CpG methylation at D4Z4 is dependent on variants in epigenetic modifiers and on the size of the D4Z4 repeat. Therefore, we used the delta1 score, which is the methylation value corrected for the D4Z4 repeat array sizes on chromosomes 4 and 10 (26). However, the delta1 methylation score was not significantly different between FSHD2 samples with a larger SPA and the FSHD2 samples with SPAs between 8 and 20 units (Fig. 1B) .
We therefore further analyzed the composition of the D4Z4 alleles in all FSHD2 patients and their family members. Southern blots that were previously hybridized with the diagnostic FSHD probe p13E-11 (recognizing D4F104S1 proximal to the D4Z4 array), were re-hybridized with a probe that is complementary to the D4Z4 repeat array (35) , enabling the identification of all D4Z4 repeat arrays, including those that are not linked to p13E-11 ( Fig. 2A) .
By the comparison of the number of fragments containing D4Z4 repeat arrays upon hybridization with probes p13E-11 and D4Z4 we identified in 70/79 (88.6%) FSHD2 patients the same number of fragments. In 9 cases we identified one or more additional D4Z4 repeat array containing fragments by D4Z4 hybridization that were not visible with p13E-11 hybridizations (Fig. 2B ). This finding indicates the presence of a D4Z4 repeat array duplication somewhere in the genome. For 8/9 of these duplication fragments the extra D4Z4 repeats are chromosome 4-derived as they are resistant to digestion with BlnI (Table 1 ; Supplementary Material, Fig. S1 ). The sizes of these non-p13E-11-linked duplicated D4Z4 repeat arrays ranged from 5 to 28 D4Z4 units. Interestingly, 8/9 duplications were identified in FSHD2 patients with an unusual long SPA (>20 units).
Detailed genetic analysis of duplication alleles
Detailed 4qA/4qB genotyping of the eight 4q-derived (BlnI-resistant) duplication fragments in FSHD2 patients with unusually long SPA showed that in 7/8 cases the extra D4Z4 repeat array was of the 4qA-type. Only in DNA from patient Rf1666.1 the extra D4Z4 repeat array did not hybridize to probes A or B (Table 2 and Supplementary Material, Table S1 ). In 4/8 cases we were able to analyze multiple family members, and the Southern blot data suggested that the extra D4Z4 repeat array co-segregated with a 4qA allele. We further studied the two major 4qA haplotypes, 4A161S and 4A161L, which differ in size in their distal partial D4Z4 repeat unit and DUX4 gene structure without affecting the DUX4 open reading frame (28) . To ensure specificity, we only selected individuals in whom the other chromosome 4 is of a non-4A161 haplotype. The FSHD2 patients Rf874.3, Rf1666.1 and Rf1727.2, and family members of the probands of FSHD2 families Rf696, Rf392 and Rf975 fulfilled these criteria. Surprisingly, 4A161L/4A161S analysis and segregation analysis showed that 6/7 analyzed 4qA duplication alleles were of the 4A161L haplotype, which can only be found in approximately 20% of the European control population (28) . Interestingly, the duplication fragment for which the extra D4Z4 repeat array did not hybridize to probes A and B, was of the 4A161S haplotype (Rf1666.1). In all duplication cases in whom the homologous allele was 4qB, we identified by PCR (28) only 4A161S or 4A161L variants from the duplication alleles, and never a mixture of both variants, suggesting that the distal 4qA endings of the standard D4Z4 repeat array and the duplicated D4Z4 repeat array were always of the same haplotype. However, we cannot exclude that for one of the distal 4qA sequences due to the duplication event essential sequences in the 3 0 untranslated region (3'UTR) of the DUX4 gene got lost, preventing PCR amplification.
Incidence of D4Z4 duplications in control and FSHD1 individuals
We next analyzed the incidence of D4Z4 duplications in the general population. Previously, Nguyen and colleagues (29) identified by Molecular Combing (MC) one 4q-like duplication allele in DNA from 50 control individuals (2.0%). We studied p13E-11 and D4Z4-hybridized Southern blots of 349 Caucasian control individuals (28) and found D4Z4 duplications in 10/349 (2.9%) controls ( Table 1 ). Assuming that these duplications are also in cis with the D4Z4 repeat array, six of the duplication alleles identified in controls were associated with a 4qA haplotype and three of these alleles carried an FSHD1-sized D4Z4 array 6 units (identified by the D4Z4 probe) distal to the longer p13E-11-linked longer D4Z4 array (Table 2 ). In addition, we analyzed 282 unrelated FSHD1 patients, and identified 4 duplications. Thus, with a frequency of 8 out of 11 (73%), we identified a significantly higher proportion of D4Z4 duplications among FSHD2 patients with a SPA >20 units compared to controls, FSHD1 patients and FSHD2 patients with a 8-10 units SPA (Tables 1 and 2 ). Therefore, duplications likely explain the increased susceptibility to DUX4 expression and disease presentation in FSHD2 patients with unusually long SPA. When eliminating all duplication alleles in the FSHD2 patients from Figure 1A , only two exceptional long SPA (28 and 50 units) remain and the mean SPA repeat size drops from 16.8 to 14.1 units (Supplementary Material, Fig. S2 ). While most (7/8) of the duplications identified in FSHD2 patients with a SPA of >20 units were of the 4qA-type, D4Z4 repeat array duplications found in controls and FSHD1 patients were more often chromosome 4qB-or chromosome 10-derived ( Table 2 ).
Molecular combing of duplication alleles
In order to study the exact composition of the D4Z4 duplication fragments, we applied MC on all FSHD2 samples with a SPA >20 units since MC allows for the visualization of D4Z4 repeat arrays together with the region proximal and distal to D4Z4 ( Fig. 2A) . A representative MC result for all chromosomes 4 and 10 D4Z4 loci is shown in Figure 3A for patient Rf975.3 from Figure 2B . MC confirmed the Southern blot finding and showed that the duplication is in cis with a D4Z4 repeat array on chromosome 4 (Fig. 3B) . For all 4q-like duplication alleles, MC showed that they are composed of a rather large (>20 units) D4Z4 repeat array and a 5 to 6 units non-p13E-11 linked D4Z4 repeat array both ending with a beta-satellite repeat sequence (red signal), with the FSHD-sized D4Z4 repeat array always situated at the distal end (Supplementary Material, Fig. S1 ). In some cases, like Rf392.2, Rf696.1 and Rf1021.2, the composition of the locus was more complex with evidence for two duplicated D4Z4 repeat arrays (Fig. 3B) . The non-p13E-11 linked D4Z4 arrays of the duplication allele lack the blue MC signal proximal to the array which labels D4F104S1 (p13E-11) consistent with the Southern blot data. MC analysis was also performed on DNA from three FSHD1 cases, who have an extra 4q0-like (i.e. not hybridizing with probes A or B) allele based on Southern blotting. For all these cases, detailed analysis did not reveal a D4Z4 duplication, but instead showed an expansion of the inverted D4Z4 repeat unit 40 kb proximal to the D4Z4 array ( Fig. 2A) . This expansion did not occur on the 4A161S-type FSHD1 allele, but instead on the homologous 4qB chromosome ( Fig. 3B and Supplementary Material, Fig. S1 ). The Southern blot and MC results for all duplication alleles identified in FSHD2 patients and controls is summarized in Table 2 . 
Founder alleles
Seven of the nine duplication alleles identified in FSHD2 patients are of the less common 4A161L haplotype. Four of these duplication alleles have a very similar composition: in Rf975.3, Rf878.2, Rf874.3 and Rf844.1 it starts with D4Z4 repeat arrays of 74, 72, 69 and 68 units, respectively, followed by a six D4Z4 units duplication at the distal end. Most of the duplication alleles identified in controls were also of the 4A161L haplotype and Southern blot analysis showed each D4Z4 array in all identified 4A161L duplication alleles ended with a 4qA sequence. Southern blot, or MC: molecular combing) used to determine the composition of the duplication allele is indicated in the last column. *Significant after Bonferroni correction if P < 6.3E-03 (0.05/8). We find significantly more duplication alleles in FSHD2 patients with a usually long SPA compared to controls, FSHD1 patients and 8-20 units FSHD2 patients.
In contrast, three 4A161S duplication alleles identified in controls and FSHD2 patients terminate with a sequence that is neither 4qA nor 4qB. Finally, the duplication-like 4qB alleles identified FSHD1 individuals were shown to have an expansion of the inverted D4Z4 repeat unit rather than a D4Z4 repeat array duplication (Fig. 3B) . These uniformity within each of the classes of D4Z4 duplication alleles suggest that duplication alleles are likely derivatives of a limited number of founder alleles (Fig. 3C) .
Role of SMCHD1 variants in duplication alleles
To study the role of SMCHD1 in disease penetrance of duplication alleles we analyzed the family members of FSHD2 patients with duplication alleles. In 3 of the 11 families we identified family members that carried the duplication allele in the absence of the pathogenic SMCHD1 variant. In all three families we observed that the duplication allele in the absence of the SMCHD1 variant, and hence D4Z4 hypomethylation, did not result in FSHD (Fig. 4) . This suggests that, for these duplication alleles, a pathogenic SMCHD1 variant is required for disease presentation.
Transcription studies
In order to study transcription from duplication alleles we reanalyzed the data previously described from differentiated myoblasts obtained from FSHD2 patients Rf696.1 and Rf844.1 (28 Fig. S3 ), which originates exclusively from the 4A161L duplication allele. In Rf844.1 DUX4 expression could be observed from both alleles consistent with a relatively severe phenotype (Ricci 7 at age 31, ACSS 226). This suggests that duplication alleles can produce DUX4 protein, possibly from the distal short duplicated repeat array as this is in the size range that is susceptible to pathogenic SMCHD1 variants.
Discussion
Over the years a mechanistic model for FSHD has emerged by which the disease in most patients can be molecularly explained by inappropriate expression of the DUX4 retrogene in skeletal muscle (27, 36) . Normally DUX4 is not expressed, or expressed at very low levels in skeletal muscle. In FSHD, as a consequence of partial chromatin relaxation of the D4Z4 repeat array in somatic cells, DUX4 repression is incomplete, leading to the presence DUX4 protein and downstream DUX4 targets and transcriptional programs in skeletal muscle. Many studies have addressed the consequences of DUX4 in muscle. Recently, consensus has been reached that DUX4 is toxic to muscle in many ways, eventually leading to muscle cell death. However, the exact pathways and their relative contribution to muscle pathology are still under intense study (12, 13, 37) . Although initially considered two clinically largely identical, but genetically distinct subtypes, recent studies suggest that with regard to the genetic mechanism FSHD1 and FSHD2 represent a continuum: the combined contribution of D4Z4 repeat array size, and the ability to epigenetically repress DUX4 in skeletal muscle determines FSHD disease presentation (27) . For FSHD1 patients having a repeat of 1-7 D4Z4 units, the size of the repeat array is likely the major contribution to DUX4 expression. For 8-10 D4Z4 units 4qA alleles, other epigenetic factors contribute to the pathogenicity, as these repeat sizes are associated with marked clinical variability, and with a relatively high prevalence of asymptomatic or non-penetrant mutation carriers (26, 38, 39) . These 8-10 D4Z4 units 4qA alleles are also encountered in the control population (20, 21) . On the other hand, incomplete repressive activity of SMCHD1, DNMT3B or other epigenetic modifiers of the D4Z4 repeat array, contribute to DUX4 expression in affected muscle of FSHD2 patients (7, 23) . In addition, similarly as in FSHD1, the D4Z4 repeat size is likely to contribute to disease presentation since repeat array sizes in these patients are generally shorter than in the general population (8-20 versus 8-100 units). The overlap in the 8-10 unit range between controls, FSHD1 and FSHD2 further supports a disease model in which both repeat size and chromatin regulators of the D4Z4 repeat array collectively determine the DUX4 repressive capacity in skeletal muscle (27) .
It was therefore surprising that we previously encountered FSHD2 in families that have a damaging SMCHD1 variant combined with an unusual long SPA sizes (with sizes which we predicted to be insensitive to incomplete repressive activity of SMCHD1) (33) . This finding suggested that other mechanisms, such as mutations in other D4Z4 chromatin modifiers, or unrecognized small D4Z4 repeat arrays, are at play in these families.
In 8/11 FSHD2 cases with an unusually long SPA, we indeed identified the presence of an additional D4Z4 hybridizing fragment on Southern blots suggesting that these families have a duplication of the D4Z4 repeat array that might explain the disease. We confirmed the D4Z4 duplication and in 6 of them this allele is of the 4A161L haplotype. In these cases the telomeric duplicated D4Z4 array of 5 or 6 units terminates as 4qA suggesting that they are permissive to DUX4 expression. In patient Rf1666.1, the duplication allele is associated to the 4A161S. The shorter distal array in this duplication allele contained 5 D4Z4 units but was not recognized by probes A or B on the Southern blot. 4qA alleles have a beta-satellite repeat sequence distal to the 3'UTR of DUX4 ( Fig. 2A) (19) , and as this beta-satellite repeat is still visible in the duplication allele of Rf1666.1 by MC, it probably contains a complete DUX4 gene in the distal array. In all FSHD2 cases the distal D4Z4 duplication was FSHD-sized, and much shorter than the proximal D4Z4 repeat array that was seen by Southern blot analysis using probe p13E-11. For two 4A161L duplication cases, a myotube sample was available allowing us to confirm transcription of 4A161L-specific DUX4, i.e. originating from the duplication allele.
We identified one FSHD2 patient with a duplication fragment on chromosome 10. This might be a coincidence, as we identified these 10qA-like duplication alleles also in 4/349 control individuals where it does not contribute to disease. Probably, the standard rather long (and therefore less pathogenic) 4qA allele is here pathogenic. This is supported by a Ricci score of 4 at 67 years, which is within the selection criteria but is the lowest of all patients. Indeed, mild right scapular winging Rf844, (c.3274_3276+1del) was only observed upon clinical examination, the patient herself did not report symptoms of FSHD (40) . Duplication alleles are infrequently found in the control population and in FSHD1 patients. In particular 4qA-type duplication alleles, where the distal D4Z4 duplication is FSHD-sized, are very uncommon (4/349 in controls and 0/282 FSHD1 patients). We did identify one such duplication allele in 68 FSHD2 patients with a standard SPA of 8-20 D4Z4 units (1/68; 1.5%), a frequency similar as in the control population (4/349). With a frequency of 3/282, we less often observed a duplication in FSHD1 patients than in controls and never on the pathogenic chromosome. This difference might be due to a selection bias as the FSHD1 allele is a standard allele in each case. When only taking into account non-FSHD1 alleles the frequencies are similar (10/698 in controls and 3/282 in FSHD1 patients). The three duplications identified in FSHD1 patients are on 4qB chromosomes and were actually expansions of the inverted D4Z4. Thus, the high frequency of in cis duplications found in FSHD2 patients with unusually long SPA suggest that these alleles are pathogenic due to the FSHD-sized distal repeat duplication. Segregation analysis in three families indeed confirm that these duplication alleles are pathogenic, but only in combination with a pathogenic SMCHD1 variant.
We wondered why most of the duplication alleles were 4A161L-type and not 4A161S-type, while in Europe 4A161S is five times more common than 4A161L (28) . Previously, we have shown that chromosome 4qA, 4qB, 10qA and 10qB haplotypes arose by four discrete interchromosomal sequence transfers during recent human evolution (17) . Based on similarities in the composition of the duplication alleles found in this study, we propose that most duplication alleles are part of four founder groups and it is tempting to speculate that these duplication alleles arose by major intrachromosomal sequence transfers on chromosomes 4qA, 4qA-L and 10qA, and one expansion on chromosome 4qB.
Recently, a MC study was performed on 586 samples, for which in 230 cases a D4Z4 repeat array of 1-10 units was identified confirming FSHD1. In 14 cases from 10 different families, a duplication allele was identified similar to the alleles that we found (29) . In 3/230 independent FSHD1 patients a duplication allele was identified on the non-affected allele, which is comparable to the frequency that we found in FSHD1. For 4 of the other 7 families the duplication was found in combination with D4Z4 hypomethylation and a pathogenic SMCHD1 variant, consistent with our suggestion that these duplication alleles are more likely to be disease causing when combined with reduced repressive activity at D4Z4.
Previously, we identified in approximately 2% of FSHD patients an FSHD1 allele in which the partial deletion of the D4Z4 repeat extends proximally and includes D4F104S1 (41) . For Southern blot-based genetic diagnosis the identification of these deletions is challenging as the diagnostic probe p13E-11 recognizes D4F104S1. Successive hybridization with probe D4Z4 can reveal the missing allele enabling genetic diagnosis in these situations. This study shows that the D4Z4 probe can also be used in the detection of duplication fragments. However, this study also suggest that these D4Z4 duplication alleles are only pathogenic in combination with pathogenic SMCHD1 variants. Thus, genetic counselors should be able to discriminate D4F104S1 deletion alleles from duplication alleles, especially when applying Southern blotting without PFGE.
In conclusion, we show that D4Z4 duplications can be identified with relative high frequency in the FSHD2 population, and that these duplications likely explain the increased susceptibility to DUX4 expression and disease presentation in those FSHD2 patients with unusually long SPA. This finding strengthens the concept that pathogenic variants in SMCHD1 only cause FSHD when combined with SPAs <20 D4Z4 units.
Materials and Methods

Patients and controls
This study was approved by the Medical Ethical Committees from participating institutions. From a previous study, we included 74 FSHD2 families for which we were able to obtain detailed genotyping results based on hybridizations with probes p13E-11 and D4Z4 (28) . All FSHD2 families have one or more FSHD2 patients with an age corrected severity score (ACSS) (30) ! 50 or a clear FSHD phenotype without documented ACSS. They have significant D4Z4 hypomethylation in combination with a damaging variant in SMCHD1. We included 282 FSHD1 patients from different families, and for non-FSHD-related samples (n ¼ 349) we studied 208 unaffected controls (unaffected individuals and siblings/spouses of individuals with FSHD1) and 141 individuals with a different established genetic condition. All patients and controls have a European background to avoid confounding effects from population specific distributions of D4Z4 haplotypes (17) .
Genetic analysis D4Z4 repeats
For the genetic analysis high molecular weight DNA was obtained by pronase and Sarkosyl treatment of agarose embedded white blood cells of approximately 1 million cells per agarose block. The agarose plugs were digested with informative restriction enzymes and DNA was separated by pulsed field gel electrophoresis (PFGE) followed by Southern blotting and sequential hybridization with radioactive labeled probes p13E-11, D4Z4, 4qA and 4qB, and completed with haplotype analysis using the SSLP PCR as described previously (31) . For the discrimination between 4A161S and 4A161L haplotypes we used the previously described PCR (28) . Hybridization with probe p13E-11 was performed in Church buffer supplemented with 1% BSA, D4Z4 hybridization in phosphate buffer with 50% formamide and 4qA and 4qB hybridization in phosphate buffer with polyethylene glycol 6000 (31, 32) . For all members of the FSHD2 families and most of the other samples, we determined the methylation at the FseI site in D4Z4 and calculated the delta1 methylation score (26) . All FSHD2 patients had D4Z4 CpG methylation values below the previously defined threshold (FseI value 27%, or delta1 value À21%) (33).
Molecular combing
Sarkosyl and pronase treated agarose blocks generated for PFGE analysis were equilibrated with TE À4 after which they were treated for 16 h with 500 ug proteinase K and Sarkosyl. Subsequent steps to prepare the combed glass slides were according to the manufacturers protocols (Genomic Vision) (34) . Slides were hybridized with antibody-labeled FSHD-specific probes and after several wash steps slides were scanned overnight by the Fibervision HeliXScan. D4Z4 alleles on chromosomes 4 and 10 were selected and counted using the general procedure by Fiberstudio 0.9.12 software, after which alleles with an unusual composition could be acquired from 'unusual' and 'extra' category. The detailed composition of the unusual D4Z4 duplication alleles was confirmed by visual inspection and editing of 6 to 17 images per allele.
SMCHD1 variant testing
The SMCHD1 variants have previously been identified with Sanger sequencing or with whole exome or whole genome sequencing followed by confirmation by Sanger sequencing (7, 26) .
DUX4 expression analysis in FSHD2 myoblast
DUX4 expression was studied in two FSHD2 myoblast lines (Rf696.1 and Rf844.1), which originated from the University of Rochester Medical Center bio repository. Culturing and myogenic differentiation of these primary myoblasts, isolation of total RNA and the generation of cDNA was similar as described before. DUX4 expression analysis between 4A161S and 4A161L haplotypes in Rf696.1 and Rf844.1 was done by previously described PCR conditions and primer pairs (28) .
Statistical analysis
The D4Z4 array size of the SPA between controls and FSHD2 patients (Fig. 1A) and the delta1 methylation score in FSHD2 patients with SPA between 8 and 20 units and >20 units (Fig. 1B) were compared using the unpaired t-test in Graphpad Prism 7.
For the comparisons shown in Table 1 , we used a Pearson chisquare test with Yates' continuity correction in R 3.3.2 (https:// www.R-project.org/; date last accessed July 2, 2018).
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